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There is abundant experimental evidence, summarized
previously by Lampen [1] and by Kinsky, Luse and
Van Deenen [2], which indicates that the lytic effects of
polyene antibiotics such as amphotericin B on fungi and
other susceptible microorganisms [31 are referable to in-
creases in the solute permeability of plasma membranes
produced by interactions of the antibiotic with membrane-
bound sterols. Similarly, the antibiotic increases the per-
meability of the toad urinary bladder to urea, thiourea,
potassium and chloride [4, 5] and of the erythrocyte to
potassium [6], sodium, chloride and hydrophilic non-
electrolytes smaller than sucrose [7, 8]. Further, it may be
that the hypokalemia [9—121, renal sodium wasting [11],
and gradient-limited renal tubular acidosis [13] observed
in the course of systemic therapy with amphotericin B may
be the consequence of comparable effects of the antibiotic
on transport events in the distal nephron. Accordingly, it
seems reasonable to inquire into the possible mechanisms
by which amphotericin B modifies the permeability of
natural membranes.
One approach to the problem, utilized in this [14—20] and
other [21—23] laboratories, has been to analyze the effects
of polyene antibiotics on dissipative transport processes in
planar lipid bilayer membranes of the type first described
by Mueller et al [24]. The purpose of the present editorial
is two-fold: first, to summarize certain of the observations
which indicate that the interactions of amphotericin B (or
nystatin, a polyene antibiotic nearly identical in structure
[25, 26] to amphotericin B) with membrane-bound choles-
terol or other appropriate sterols [161 result in the forma-
tion of aqueous pores; and second, to provide an hypo-
thesis for the partial structure of amphotericin B-choles-
terol pores and their effect on membrane function [20].
Stereochemistry of amphotericin B and cholesterol. Fig. 1
indicates the chemical structure and absolute configuration
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Fig. 1. The chemical structure and absolute configuration of
amphotericin B. The dotted lines indicate bonds directed below
the plane of the page. Adapted from Ganis et al [27].
Fig. 2. Corey-Pauling space-filling models of amphotericin B. With
respect to Fig. 1, Fig. 2A views the molecule from above the
plane of the page and Fig. 2B views the molecule from below
the plane of the page. The black and white pieces are, respec-
tively, carbon and hydrogen atoms. Adapted from [20].
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of amphotericin B described by Ganis et a! [27]. The anti-
biotic is a lactone containing 38 ring atoms. The C3—C15
acyl sequence contains seven hydroxyl substituents, and a
six-membered ketal ring joins carbon atoms 13 and 17.
Carbon atoms 16 and 19 contain, respectively, a carboxyl
side chain and a mycosamine residue. A heptaene chain
spans the C20—C33 segment; and, there is a C35 hydroxyl
substituent. Fig. 2 illustrates Corey-Pauling space-filling
models of amphotericin B viewed, with respect to Fig. 1,
from above and below the plane of the page. The molecule
is approximately 24 A long, and the C20—C33 heptaene chain
and the C1—C15 acyl segment are aligned as parallel rods.
The six hydroxyl substituents on the C3—C13 segment are
all directed below the plane of the page, and the C35 by-
droxyl group is conspicuously located at the hydrophobic
end of the molecule (Fig. 2A). Figs. 2A and 2B show that
the C15 hydroxyl group, the C16 carboxyl group and the
C19 mycosamine residue are all located at the right-hand
end of the molecule.
It is instructive to compare the structure of amphoteri-
cm B with that of a membrane phospholipid. Fig. 3 shows
a Corey-Pauling space-filling model of phosphatidyl
choline (lecithin) containing oleic and palmitic acyl residues.
A comparison of Figs. 2 and 3 indicates that the ampho-
tericin B and lecithin molecules are approximately equal
in length. The hydrophilic C15 hydroxyl, C16 carboxyl and
C19 mycosamine substituents on amphotericin B are situated
at the right-hand end of the molecule as is the hydrophilic
choline moiety of lecithin. Moreover, the parallel arrange-
ment of, respectively, the C20—C33 and C2—C15 chains of
amphotericin B and the oleic and palmitic residues of
lecithin is remarkably similar.
It is widely believed, according to the Davson-Danielli
model for membrane structure, that phospholipid mole-
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Fig. 3. A Corey-Pauling space filling model of phosphatidyl
choline (lecithin) containing oleic and palmitic acid residues. The
lengths of the hydrophobic and hydrophilic moieties are shown,
respectively, on the left and right.
Fig. 4. The upper half of the figure is a perspective formula for
cholesterol [31]. The lower half is a Corey-Pauling space-filling
model of cholesterol.
cules in a lipid bilayer membrane are aligned with polar
moieties at the membrane surface and paraffin residues
approximately perpendicular to the membrane surface and
parallel to one another in the membrane interior [28—30].
Thus, it is tempting to envision the orientation of an
amphotericin B molecule in a bilayer membrane with the
C15--C19 segment, which contains rather hydrophilic sub-
stituents, at the membrane-water interface, and the hydro-
phobic C20—C33 and C1—C14 chains parallel to one another
in the membrane interior. Stated alternatively, ampho-
tericin B may be viewed as a counterfeit phospholipid.
According to this view, the six hydroxyl substituents on the
C3—C3 segment and the polyunsaturated C20—C33 segment
might be expected to modify significantly transport pro-
cesses in a lipid bilayer membrane.
The upper half of Fig. 4 shows the structure of choles-
terol in perspective formula [31]. The cyclohexane rings A,
B and C are fixed rigidly in the preferred "chair" con-
figuration [31, 32] by transfusionof rings A and B, B and C,
and C and D. A Corey-Pauling model of cholesterol is
shown in the lower half of Fig. 4. The model is rigid, in-
flexible, rod-like in shape and approximately 19 A long.
The C3 hydroxyl group is situated equatorially in the
general plane of the cyclohexane ring.
Some properties of unmodified lipid bilayer membranes.
Synthetic planar lipid bilayer membranes provide an inter-
esting model for the lipid matrix of biological membranes.
The structure, composition and transport properties of
these membranes have been reviewed in considerable detail
in several recent illuminating reviews [33—37]. For the
purposes of present discussion, several characteristics of
the synthetic membranes are noteworthy. The latter are
ordinarily formed by applying hydrocarbon solutions con-
taining amphipathic lipids (such as phospholipids or certain
sterols) to a relatively small aperture in a septum separating
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two aqueous phases. The thickness of such membranes,
estimated either by optical [38, 39], electrical [40, 41] or
electron microscopic [42] techniques, is in the range of
60 A, i.e., approximately twice the thickness of a phospho-
lipid molecule (Fig. 3). Table 1 lists some of the properties
of unmodified lipid bilayer membranes formed from decane
solutions containing equimolar amounts of sheep red
blood cell phospholipids and cholesterol [43]. With few
exceptions, the properties of these sheep red cell lipid-
cholesterol-decane membranes are entirely comparable to
those observed by a number of different investigators
using a variety of different phospholipids [21, 24, 33—37,
40, 44—52].
The electrical resistances of the membranes are uniquely
high, approximately 108 ohm-cm2. Presumably, the high
electrical resistance relates, at least in part, to two factors:
first, since the dielectric constant of the hydrophobic mem-
brane interior is quite low, approximately two [40, 41], it
is probable that ions which enter non-polar regions of the
membrane do so as ion pairs incapable of carrying charge;
and second, there may be significant restrictions to the
rotational mobilities of polar groups of phospholipids
from membrane surface into the membrane interior [53].
The ionic permselectivity of the membranes, evaluated
from ionic transference numbers (t0, Table 1), indicates
that the membranes are approximately five times more
permeable to Na+ than to Cl, presumably because sheep
red cell lipids contain appreciable amounts of negatively
charged phosphatidylserine [54]. Hopfer, in a detailed
study of comparable membranes, also noted that membrane
ionic permselectivity was determined primarily by the
surface charge on membrane phospholipids [52].
Table 1 indicates that bilayer membranes are tight to
hydrophilic nonelectrolytes. The diffusional permeability
coefficients for urea and sucrose are vanishingly small,
and the reflection coefficient for these solutes is unity, in
accord with the observations of other workers [47, 48, 50].
Table 1. Some transport properties
of unmodified lipid bilayer membranes a
Electrical
RM tNa
ohm cm2 x 10
l.7±0.8x 108 0.85
t1
0.15
Water and Solute
Molecule Pf 1>D
cm sec1 x 1O
a
Water 16.8±2.8 8.2±0.5
Urea — <0.05
Sucrose — <0.05
—
1
1
a The experimental data are for sheep red cell-phospholipid-
cholesterol-decane bilayer membranes at 23°C. RM = electrical
resistance; = transference number; P =osmotic water
permeability coefficient; D= diffusional permeability coeff i-
cient; a =reflection coefficient. Adapted from references
[15, 17 and 43].
However, the ratio of P, the osmotic water permeability
coefficient, to PD, the diffusional water permeability coef-
ficient, observed in this [15, 17] and other laboratories [46,
47, 55] is approximately two (Table 1).
There are two general classes of explanations which may
account for a discrepancy between P and Dw• In one
instance, P may exceed Dw because there exist mem-
brane pores sufficiently large to permit the occurrence
of laminar or quasilaminar water flow during osmosis
[56—58]. Alternatively, the mode of water flow through
a membrane during osmosis may be diffusional in nat-
ure; in such a case, P1 may exceed Dw as a conse-
quence of the diffusional constraints produced by bulk
phase unstirred layers [59]. In the case of unmodified
lipid bilayers, it is intuitively difficult to imagine pores
sufficiently large to account for a f/Dw ratio of two
in membranes virtually impermeable to urea or small
ions (Table 1). Moreover, there are convincing experi-
mental data from a number of laboratories which indicate
the presence of bulk phase unstirred layers adjacent to
unmodified bilayer membranes sufficiently large to account
for observed differences between Pf and Dw [47, 50, 55, 60,
61]. Indeed, it has been possible to modify the diffusional
resistance of such unstirred layers by varying the viscosity
of the bulk solution bathing the membranes [17]. Thus, it
seems likely that the predominant mode of osmotic water
flow through unmodified bilayer membranes is diffusional
in nature [15, 17, 47, 50, 55, 60, 61], and that the difference
between Pf and Dw indicated in Table I is the consequence
of bulk phase unstirred layers,approximately 110 x 104cm
in thickness [17].
The effect of amphotericin B on membrane transport pro-
cesses. Fig. 5 illustrates an important effect of ampho-
tericin B on the electrical properties of bilayer membranes.
In the concentration range 5 x 10 8_ 2 x 10 7M, ampho-
tericin B produces a 106-fold reduction in the resistance of
cholesterol-rich membranes which is proportional to a
high power, approximately 6, of the aqueous antibiotic
concentration; at higher concentrations, amphotericin B
produces a distinct but less dramatic fall in the resistance of
sterol-poor membranes [14, 16]. In the low-resistance state
produced by amphotericin B in sterol-rich membranes, the
slope of the relationship between aqueous salt concentra-
tion and membrane resistance is approximately minus one
[14, 19, 20, 22]. Further, the cholesterol-dependent, but
not the cholesterol-independent [16], reduction in electrical
resistance (Fig. 5) results in membranes that are at least
ten times more permeable to Cl than to Na+ or K [16,
21, 22]. The simplest interpretation of these findings is that
the interactions of amphotericin B with membrane-bound
cholesterol result in the formation of multimolecular arrays,
or pores [14, 15, 21], which are predominately but not
exclusively anion-selective [14, 16, 19, 22]. Since the rela-
tionship between membrane resistance and aqueous salt
concentration in the porous membranes is similar to that
in bulk solution [14, 19, 22], it is reasonable to infer that
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Fig. 5. The effect of amphotericin B on the electrical resistance of
membranes formed from solutions containing either equimolar
amounts of cholesterol and phospholipid (C/P= 1) or 99%
phospholipid (C/P= 0.01). From [16].
the dielectric constant of the pore sites approximates that
of water rather than a hydrophobic milieu.
The traditional requirements for characterization of a
porous membrane include, among other factors, evidence
for laminar or quasilaminar osmotic flow, i.e., a
ratio in excess of unity not referable to unstirred layer
effects [56—59], and, molecular seiving of hydrophilic
solutes [57, 62, 63]. Table 2 summarizes some of the effects
Molecule r
A cmsec
D
1x104
a
H20
Urea
C1
Erythritol
Sucrose
1.5
1.8
2.14
3.5
5.2
62.5
—
—
—
—
16.6
1.3
0.7
0.11
<0.05
—
0.31
—
0.71
1
a The data are mean values for sheep red cell lipid-cholesterol-
decane membranes (identical to those described in Table 1)
at 23° C, exposed to 1—3 x 1O M amphotericin B. In order
to facilitate comparison of the permeability data among
different solutes, the values of Dand P reported previously
[17, 19] have been normalized for a membrane conductance
of 0.01 ohm' cm2 in 0.05 M NaCI, where unstirred layer
effects on solute diffusion are negligible [19, 20, 231. The
values of P0 have been computed from experiments at varying
aqueous phase viscosities, to permit corrections for unstirred
layer effects on water diffusion [17]. The a values are from
reference [18].
of amphotericin B on the water and solute permeability
of bilayer membranes.
A comparison of Tables 1 and 2 indicates clearly that,
coincident with the reduction in electrical membrane
resistance (Fig. 5), amphotericin B produces striking in-
creases in the water and solute permeability of these mem-
branes. More specifically, Table 2 illustrates that the solute
permeability coefficients vary inversely with molecular size,
and that the reflection coefficients for urea and erythritol,
but not sucrose, are less than unity. Stated in another way,
there is molecular seiving of hydrophilic solutes with
virtually complete exclusion of sucrose. Since the hydro-
dynamic radius of the latter is 5.2 A, it is reasonable to
conclude that the average pore radius is approximately 5 A.
In this connection, we note that the values of Dw listed
in Table 2 have been corrected for unstirred layer effects
[17, 20]; and, the pore radius computed from the f'Dw
ratio in Table 2 and a combined form of the Fick and
Poiseuille equations was 5.6 A [17]. Finally, the demon-
— stration [18] of coupling of solute and solvent flows— the
so-called solvent drag phenomenon [561—in these mem-
branes provides further support for the view that ampho-
tericin B-cholesterol interactions produce pores.
These observations are in close accord, at comparable
electrical conductances, with the results obtained by Fin-
keistein et al [21—23] on similar membranes in the presence
of either amphotericin B or nystatin. Moreover, Solomon
and Gary-Bobo [64] have pointed out the close similarities
between the nonelectrolyte permeability properties of such
porous bilayer membranes and the red blood cell, where
the pore radius is presumed to be approximately 4.3 A [65].
Some other aspects of the effects of amphotericin B on
transport events in bilayer membranes should also be noted.
First, like membrane anion selectivity, the increases in
water and solute permeability produced by the antibiotic
(Table 2) are absolutely dependent on the presence of
membrane-bound sterol [16]. Second, the fraction of mem-
brane area occupied by the amphotericin B-cholesterol
pores has been estimated to be approximately 10 [15, 23].
It may be that such a relatively low density of pore sites
accounts for the lack of effect of amphotericin B on the
freeze-etch morphology of biological and artificial mem-
branes [66]. In other words, these porous membranes may
be viewed as mosaic structures containing hydrophilic
sites interspersed discretely in a lipid matrix, a possibility
first suggested by Collander and Bärlund [62] and by
Höber and [67] for the structure of natural plasma
membranes. Finally, the observations of Hladky and Hay-
den, who have studied in detail the nature of transient
conductance fluctuations in bilayer membranes [37], imply
that polyene antibiotic-sterol pores are dynamic in nature,
remaining open for discrete time intervals less than 10 'sec-
onds in duration [68].
Molecular requirements for pore formation. Ampho-
tericin B produces similar effects (i.e., reduction in electrical
resistance accompanied by anion permselectivity and in-
I
C/P=0.0l-+.
8
•1
2
'—8
- Ia__i
1.0
—7
—6
log amphotericin B, M
Table 2. The effect of amphotericin B
on water and solute permeability a
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creases in water and nonelectrolyte permeability) on trans-
port processes in bilayer membranes containing sterols but
no phospholipids [161. Evidently, pore units may be formed
solely from sterol-polyene antibiotic ensembles, without
cooperative interactions with membrane phospholipids.
There are, however, particular structural requirements for
pore formation.
In the case of polyene antibiotics, Finkelstein and his
colleagues [22, 23] have shown that nystatin, which is
closely related structurally to amphotericin B [25], pro-
duces comparable permeability changes in bilayer mem-
branes. However, neither the amino nor the carboxyl
group on amphotericin B (Fig. 1) or nystatin contributes
significantly to the regulation of ionic permselectivity [16,
21—23], Indeed, Cass et al [22] have made the surprising
observation that polyenes containing two amino groups
induce ideal cation selectivity. It is clear from such results
that polyene-dependent ionic discrimination in lipid mem-
branes is a complex issue not readily understood in terms
of traditional fixed charge theory [69].
Both ring size and an unsaturated double bond segment
are determinants of pore formation. Smaller ring polyenes
containing approximately 28 ring atoms such as filipin [70]
disrupt membranes [14, 16, 21, 22, 71, 72] and produce
detectable alterations in the morphology of natural and
artificial membranes [66], but do not affect significantly
transport phenomena in lipid bilayers [14, 16, 22]. Simi-
larly, saturation of the double bond sequence in ampho-
tericin B [22] and other polyenes [72] results in a loss of
polyene effect on membrane function.
Some recent studies have provided direct spectral evi-
dence for the complexing of polyene antibiotics by sterols
in free solution [73—75] and in biological membranes [74].
In the case of amphotericin B, the sterol requirements for
spectral changes indicating complex formation include an in-
tact 3/1-OH group, an intact C17 side chain and a planar ste-
rol nucleus [73]. Similarly, in the case of amphotericin B-
dependent pore formation in bilayer membranes, there is
an absolute requirement for a 3-OH group containing an
equatorially (3/1-OH), rather than axially (3a-OH), situated
proton and a rigid, unbroken steroid nucleus [16]. These
and other [76] observations suggest that stereospecific
hydrogen bonds between such 3-OH protons and antibiotic
molecules are primarily involved in polyene-sterol inter-
actions.
A model for amphotericin B-cholesterol pores. A pore
model involving amphotericin B as a counterfeit phospho-
lipid (Figs. 2 and 3) may be considered in terms of certain
factors regulating the physical state, and, in all likelihood,
the permeability characteristics of natural and synthetic
bilayer membranes. The parallel alignment of paraffin
residues of phospholipids within the hydrophobic core of a
bilayer membrane is stabilized at least in part by short
range attractive London-van de! Waals forces between
hydrocarbon chains [77, 78]. However, the mobility of
paraffin chains in bilayers may vary. A number of lines
of experimental evidence, including x-ray diffraction [79—811,
calorimetric [82—86], nuclear magnetic resonance [87—90],
and spin-label [90—91] studies indicate that natural and
synthetic bilayer membranes undergo phase transition from
condensed, gel-like crystalline arrays to fluid, liquid crystal
structures. In the transition from crystalline to "melted"
[82—85] fluid state, the mobility and ordering of hydro-
carbon chains in the membrane interior are, respectively,
increased and decreased [79—91]; and, the rotational free-
dom of phospholipid polar groups may also increase [91].
The exact nature of the structural change of the phase
transition is not well understood [91]. However, it has been
shown that organized crystalline bilayer membranes, natu-
ral or artificial, are significantly less permeable to water
and solutes than their more fluid liquid crystal counter-
parts [92—96]. The increased permeability of the latter is
thought to be the consequence of molecular cavities, or
defects, in the ordering of the hydrocarbon region of mem-
branes [97, 98]. Several factors promote increasing mem-
brane fluidity including, among others: a greater water
content of lipid Iamellae [79]; increasing temperature
[79—87, 89, 911; and, shortening, branching or unsaturation
of phospholipid hydrocarbon residues [92—94].
The interactions of cholesterol with membrane phospho-
lipids are especially noteworthy in the present context. The
hydrophobic sterol nucleus (Fig. 4) may align parallel to
paraffin residues of phospholipids in the membrane in-
terior, with the 3-OH group situated at the membrane-
water interface [79, 99, 100]. There is evidence which indi-
cates that, under such conditions, phospholipid-cholesterol
interactions are quite similar to the cholesterol-ampho-
tericin B interactions we have inferred for pore forma-
tion [16], namely, stereospecific hydrogen bonding be-
tween equatorial, but not axial [101], 3-OH protons and
electronegative sites on polar phospholipid groups [101,
102]. Originally, it was believed that cholesterol exerted
solely a condensing, or ordering, effect on membrane
structure which reduced permeability [78, 93—96, 100].
However, recent observations suggest that the issue is more
complex. More specifically, while cholesterol increases the
order or rigidity of relatively fluid phospholipid bilayers
[78, 98, 100], it also increases the fluidity and permeability
of tightly organized, condensed phospholipid bilayers [98,
101, 103]. This unusual characteristic of cholesterol (and,
one wonders, of steroid hormones) suggests the interesting
possibility that rearrangement or redistribution of sterol
aggregates [104] within biological membranes may play a
central role in regulating the dissipative permeability of
plasma membranes.
Bearing these factors in mind, Fig. 6 shows a proposed
model [20] for the partial structure of amphotericin B-
cholesterol pores in lipid bilayer membranes. As indicated
previously, the antibiotic molecule is assumed to be a
counterfeit phospholipid with the C15 hydroxyl, C16 car-
boxyl, and C19 mycosamine amino groups situated at the
membrane-water interface and the C1—C14 and C20—C33
chains in parallel in the membrane interior. Because neither
the amino group nor the carboxyl group plays a significant
role in regulating ionic permselectivity [16, 22], and because
of the proposed set of the molecule in the membrane in-
terior (see below), the C15 hydroxyl group is pictured as
lining the entrance to the pore. The indicated hydrogen
bonds involve the equatorial 3-OH proton of cholesterol
and the carbonyl oxygen on the C16 carboxyl group. Alter-
natively, the C15 hydroxyl oxygen might serve as the
electronegative member of such bonds.
It is reasonable to suppose that the C20—C33 heptaene
chain will align in a hydrophobic environment and that
hydroxyl groups will seek an aqueous interface. Thus, in
Fig. 11, the plane of the C3—C13 segment containing six
hydroxyl substituents (Fig. 2A) lines the inner wall of the
pore, and the C20—C33 heptaene chain contributes with
cholesterol to the outer wall of the pore. The conspicuous
location of the C35 hydroxyl makes one wonder whether
interactions between apposed C35 hydroxyls provide for
pore continuity through the hydrophobic membrane
matrix.
There are several interesting consequences of the model
pictured in Fig. 6. First, when cholesterol molecules interact
with amphotericin B, it may be that sterol-phospholipid inter-
actions [101, 102] involving the same sterol molecules are
reduced. Second, it is possible that relative positive charges
on the hydroxyl groups lining the pore contribute to
amphotericin B-dependent anion permselectivity [16, 22].
Third, it may be expected that cohesive London-van der
Waals forces between the short, polyunsaturated C20—C33
amphotericin B segment and adjacent phospholipid mole-
cules will be minimal. Stated in another way, the fluidity
and hydration of the pore interior may be considerably
greater than in the unmodified membrane matrix and may
approach that of bulk water.
Finally, we recognize the tentative nature of the model.
It is amusing to note in this connection that, following the
arrangement shown in Fig. 6, one may construct a cylin-
drical structure approximately 6 to 7 A in radius lined with
the hydroxyl groups on C3—C13 and covered with alter-
nating C20—C33 heptaene chains and sterol nuclei. In the
absence of definitive data on pore structure, the model at
least is plausible.
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